Evaluation of the IRAD sonic extensometer was initiated with an electronic-circuit analysis which indicated an accuracy of +0.001 in. (0.025 mm). Readings from two sonic probes consistently were low by 2% for distances between magnetic anchors, but were accurate to ±0.002 and ±0.003 in. (0,051 and D.076 on) for small displacements. Although a series of high explosive tests subjected magnetic anchors to peak accelerations of from 2,100 g to 32,000 g the anchors generally did not experience detectable damage. Sonic probe readings exhibited a sensitivity to temperature changes with two of the four segments monitored exceeding the correction factor cited by the manufacturer.
INTRODUCTION AMD BACKGROUND
Atomic Energy of Canada, Ltd., (AECL) is develop ing the Underground Research Laboratory (URL) to examine technical problems related to nuclear waste disposal in granite intrusives. The experience gained by the Lawrence Livermore National Laboratory (LLNL) in conducting the Spent Fuel Test-Climax (SFT-C) in a granite intrusive at the Nevada Test Site (NTS) was applicable to these investigations. Initially, the SFT-C Project was planned as a 3-to 5-year test.(l) Instrumentation was selected that was specified to be capable of surviving the test environment for that period of time.(2) An exten sive array of instruments was installed at the Climax site to provide an experimental basis for checking the computer-based models used to simulate the experimental results numerically. (3,4) A significant fraction of the instruments initially installed failed. Failure WPS attributed primarily to the hostile environment to which the instruments were subjected. (5) The need to iosntify or develop instruments to provide long-term monitoring of geotechnical para meters in nuclear waste repositories has been reviewed recently.(6) One of the wore promising instruments, one that could potentially satisfy many of the requirements cited, is the IRAD flexible-probe sonic extensometer.(7) The principal advantage of this system is that it is portable, and the sonic probe is inserted in a borehole only at the time readings are made. Consequently, the IRAD sonic extensometer, unlike instruments used previously, can be stored in a benign environment between measure ments and not be continually exposed to a hostile environment. The anchors are not spring-loaded in the direction of the borehole axis (as are other types of extansometers) and are not as likely to be affected by shock loading from blasting for excavation nor by tension-induced creep. This system can use up to ten permanently emplaced magnetic anchors per borehole, but they are sturdy and should withstand the environment in the borehole.
The IRAD sonic extensometer was subjected to a variety of experimental tests to examine different aspects and sensitivities of the systems. The results from those experimental tests are described in the following four sections. We first present a description of the electronic circuit analysis. We isolated tbo portion of the reading variations due to the electronic circuits for the HB-70 readout from that due to the sonic probe itself. This analysis provides a basic understanding of how the system functions. Then we discuss our investigations of the accuracy of the MB-7D readout when measuring the distance between two magnetic anchors and to small changes in the position of a magnetic anchor. The third section concerns the anchoring system's res ponse to shock Interaction generated by nearby chemical explosives. Finally, the sensitivity of the sonic probe is examined for temperature changes in the range of 20 to 50°C.
Most of the results reported here were conducted with a sonic probe (S/N 1001) that had been carefully selected at IRAO for our use.(8) A second sonic probe (S/N A1012RP) was taken out of stock and not screened. For the sake of simplicity, we have designated th£ two probes the "selected** and "stock" probes, respectively. While both probes were used in the electronic circuit analysis and accuracy tests, only the selected probe was used in the highexplosive (HE) and temperature studies. This choice was based on the better accuracy of the selected probe. It was not considered operationally feasible or necessary to field both probes in the last two studies cited. This report supplements an earlier study about the suitability of using the IRAD sonic extensometer in the URL.(9) For a more detailed discussion of the diagnostics and experimental results than is presented in this paper, the reader is referred to Reference 10.
EVALUATION OF THE ELECTRONIC CIRCUITRY IN THE MB-7D READOUT BOX
Evaluation of the electronic circuitry was confined to examination of the HB-7D readout box. An attempt to examine the preamplifier in the probe head was frustrated because signal levels were too low to monitor without significantly altering the waveforms. In the MB-70 readout box the accuracy was essentially limited by the inherent accuracy of ±0.001 in. (0.0254 mm) for a binary-coded decimal (BCD) counter. The crystal oscillator appeared to be very stable and capable of greater accuracy. An external-pulse generator was used to simulate first the drive pulse and then the return pulse. For drive pulses with amplitudes greater than 1.4 V, the MB-7D provided reliable readings, with both probes, for magnetic-anchor separations of 1 ft and 18 ft (0.31 m and 5.49 m). The MB-7D readings and the waveforms for the return signals demonstrated a high degree of insensitivity to variations in the shape of the drive pulse. The external pulse generator was then used to simulate a return signal directly Into the HB-70 amplifier. Following amplification, this signal activates the Schmitt-trigger circuit that starts and stops the MB-7D display via the counter circuit. Variation of the pulse shape indicated that an input amplitude of greater than 190 mV was needed to ensure a trigger for the Schmitt circuit. In reality, the counter circuit is sensitive only to the leading edge of the output pulse from the Schmitt-trigger circuit. Results indicated that the rise time for the output of the Schmitt trigger was insensitive to a wide range of wave shapes for the return signal that enters the MB-70 readout box.
Finally, the return signals from five magnetic anchors located at quadrature positions (11) along the track (see below) were compared for the two probes using the MB-7D drive pulse. The five return signals for the selected probe exceeded 500 mV and were uniform in amplitude. For the stock probe, the five return signals were less than 400 mV at the first anchor and steadily decreased in amplitude with distance from the probe head. This difference may be due to quality of probe fabrication or the materials used in that fabrication. This suggests that the return signal for the stock probe may be less than the 190-mV threshold at distances greater than IB ft (5.49 m).
Me conclude from these studies that the accuracy of the HB-7D readings is primarily controlled by the sonic probe. An accuracy of 10.001 in. (0.0254 m) is possible with the HB-7D electronics, and we attribute this variation to the inherent limitations of the BCD-counter circuit. Increasing the accuracy of the BCD counter would require an order of magni tude increase in crystal frequency. This modifica tion does not appear practical, but it was not investigated in detail. The HB-7D readout seems to be a basically well-designed system. Me originally felt that redesigning the magnetic anchor might improve the accuracy of the readings. However, the readings appear to be insensitive to changes in the shape of the return signal. Consequently, modifying the magnetic-anchor design does not appear promising as a method of increasing the accuracy of the HB-70 readings.
MEASUREMENT ACCURACY AT AMBIENT TEMPERATURES
The experimental procedure used to evaluate these IRAO sonic extensometers provided a good quantitative estimate of accuracy. Experiments with the test bed indicated that the HB-70 readings for distance between two magnetic anchors were consistently low by about 2%. This error might be eliminated by either modifying the metallurgical composition (decreasing the sonic velocity) of the sonic probe or slightly decreasing the frequency of the crystal oscillator. Whether these modifications are feasible has not been determined. Since the error is systematic, it can be adequately compensated for without making such modifications. 
SENSITIVITY TO HIGH-EXPLOSIVES SHOCKS
Portions of the IRAO extensometer system may be subjected to harsh environments for long periods of time during field measurements in underground appli cations. The sonic probe is normally not exposed to harsh environments for significant periods or tine since it is inserted into the borehole just prior to each measurement and removed promptly thereafter. Generally only the magnetic anchors (and possibly the guide tube) remain permanently in the borehole after their installation. An example of the harsh environ ment possible is strong shocks from chemical explo sives used in mining or excavating close to the borehole during early phases of construction. Since we must often measure displacements very near an excavated face, we must be concerned about the possible shock effects on the integrity of the magnetic anchors. Me describe here a series of highexplosives (HE) tests made to investigate the effect of strong shocks on these anchors.
Experimental Procedure for the Hioh-Explosives Tests
The experimental plan for examining the IRAO extensometer system's response to strong shocks is illustrated in Figure 1 . An approximately 1.5-in. be varied aver a range of 20 to 50°C and maintain a uniform temperature ever its length to within ±0.1°C. The test range was confined to 20 to 50°C because that is the range anticipated during in situ, elevated-temperature tests of large rock masses (such as pillars between storage drifts). The temperature bath was used in conjunction with the bench-test facility used to conduct the tests of displacement accuracy for this study. The I-beam test fixture was located in the tem perature bath at a specific temperature, and the sonic probe was inserted into the guide tube. An insulating foam plug with a small groove to accomo date the thermistor leads and sonic probe cable was then inserted in the end of the tube-Temperature readings were then taken for the four intervals between the magnetic anchors. The readings taken at 20*C were used as reference values for subsequent readings at 25, 30, 35, 40, 45, and 50"C. The probe was removed after readings at a specific temperature and, therefore, was not in place during the rela tively long intervals necessary to establish equili brium associated with increments and decrements in temperature. A second set of readings similar to the first run was taken as a check of the repeatability of the system.
Experimental Setup and

Experimental Results
Before any temperature runs, the I-beam test fix ture (with magnetic anchors and thermistors located at the five quadrature positions) was placed inside the temperature bath. Over the course of the nearly two months that it took to complete the temperature tests, none of the above system components were moved from their original positions. Since the bath initially was at approximately ambient temperature (24"C), it was necessary to lower the temperature before taking the first readings. This was accom plished by circulating cold water through the wattr reservoir until the temperature was well below 20°C. At this time there was a 0.5*C difference between the first and fifth thermistors, corresponding to the water inlet and outlet. The temperature was allowed to increase slowly until it reached 20°C and wa3 uniform to within Q.l*C along the I-beam. The sonic probe was inserted and a series of readings taken. Then the probe was removed, and the loop controller was set to increase current flow in the heat tape and raise the temperature 5°c. The above sequence was repeated until probe readings had been obtained at 5 Although the length-weighted average value falls within the manufacturer's general experience, the corrections in the third and fourth intervals deviate markedly from the average. Since only one sonic probe (S/N 1001) was tested, it is presumptuous to make generalized statements regarding their temperature sensitivity. If the variations exhibited in these tests are of concern to a particular user, then a comparable study may be warranted. To obtain better definition of the correction factor with distance along the sonic probe, a larger number of quadrature points for the magnetic-anchor locations would need to be studied.
After the probe readings at 50°C, at the end of the second run, the probe was left in the temperature bath for nearly a full day while the bath was maintained at 50*C. Then a series of sonic-probe readings were taken at the temperature of 50"C. The reading changes were within the ±0.0Q2-in. (0.051-nm) error range determined in the displacement-accuracy phase of this evaluation.
RECOMMENDATIONS
On the basis of our analysis, we recommend the following measures for selecting a probe of acceptable quality and for increasing the accuracy and performance of the IRAO sonic extensometer:
. Carefully screen the sonic probes before making a selection. Prescreening should provide a sonic probe with an accuracy of ±0.002 in. (0.051 mm) for its total length. In addition, the return signals from the farthest interval should substantially exceed the trigger threshold. This would require the cooperation of the manufacturer and might increase costs.
Investigate the possibility of establishing additional quality controls in the manufacturing of the sonic probes. An alternative approach would be to establish practical specifications that would satisfy the user's requirements.
Establish a test-bed facility at the user's site, similar to the one used at LLNL to perform the accuracy and temperature-dependence tests reported here, to fully document the characteristics of each probe before use.
Incorporate a microprocessor into the MB-70 that would provide one reading that Is an arithmetic (objective) average of all the readings. This would eliminate the subjectivity inherent in mentally averaged readings, but it would have the disadvantage of not giving the range over which the readings vary. Perhaps a microprocessor could be provided as a field-selectable option to the present method.
Adopt a standard method for interpreting the readout data. An example may be to take three successive readings and average the results.
The present study addressed certain basic areas of performance of the IRAO sonic extensometer. Additional study is required to examine the sonic extensometer's performance in other respects:
The temperature sensitivity of the extensometer must be investigated further if it is to be used to acquire veryprecise data at elevated temperatures. This test requirement is dictated by the accuracy requirements of the prospective user and the environment to which the probe may be exposed. The systems and procedures used in the present study might be adopted for such tests.
The anchorage system's response to axial shock generated by nearby explosions should be examined. Such a test should be conducted on a much larger scale than was feasible in the present study, e.g., the bench blasting used to mine the central drift at the Climax facility.
The HB-70 readout box should be modified to allow the option of remote reading if the extensometer is to be part of an automated data-acquisition network.
The probe and probe head should be thoroughly evaluated to determine if they could be made more accurate to ±0.001 in. (0.025 mm) which is appropriate for deformation measurements in hard rock waste repositories.
